Abstract. Borna disease virus (BDV) is a neurotropic RNA virus that infects the limbic system of mammals and results in behavioral disorders. The hippocampus is a core region in the limbic system, which contributes to memory and learning and is important in the regulation of emotion. However, no validated microRNA housekeeping genes have yet been identified in BDV-infected rat primary hippocampal neurons. Proper normalization is key in accurate miRNA expression analysis. The present study used reverse transcription-quantitative polymerase chain reaction (RT-qPCR) to evaluate the expression stability of 10 commonly used reference genes 5S, U6, E2 small nucleolar RNA (snoRNA), in BDV-infected rat hippocampal neurons and non-infected controls across 12 days post-infection. The data was analyzed by four statistical algorithms: geNorm, NormFinder, BestKeeper, and the comparative Δ-Ct method. Subsequently, the most suitable reference genes (miR-101a and U87) and the least suitable (snoRNA) were determined by the RankAggreg package. miR-155 was selected as a standard by which to evaluate the most and least suitable reference genes. When normalized to the most stable reference gene there were significant differences between the two groups. However, when the data were normalized to the less stably expressed gene, the results were not significant. miR-101a was recommended as a suitable reference gene for BDV-infected rat primary hippocampal neurons.
Introduction
Borna disease virus (BDV) is an enveloped, non-segmented, negative-sense, single-stranded RNA virus, which belongs to the Bornaviridae family (1) . BDV is a neurotropic that persists in the central nervous system (2) , and affects infected individuals for their entire life span resulting in chronic, persistent infections of neurons and glial cells. It has been reported that BDV infects a range of animal species worldwide (3), including China (4, 5) . BDV infects neurons in the limbic system, and primarily in the hippocampus and the cortex, which has wide spread connections to diverse cortical areas (6) . However, BDV infection is restricted to areas of the rat brain that are responsible for intensive neurodegeneration in newborn Sprague-Dawley rats, indicating that the function of immature neural cells is impaired by BDV (7) .
Although the exact mechanism(s) of BDV pathogenesis have not been determined (8) , there is interest in the interaction of host mRNA and microRNAs (miRNAs). miRNAs are short (~22 nt) endogenous RNAs that are key in regulating expression of a diverse genes involved in different cellular processes. Aberrant miRNA expression has been associated with a number of human diseases and accurate quantification of miRNA expression is important for their use as biomarkers and to determine their functions in health. When attempting to analyze the consequences of BDV infection in a model, a well-established and understood technique was required, thus, the accurate and specific reverse transcription-quantitative polymerase chain reaction (RT-qPCR) is used to evaluate miRNA levels in biological samples (9) .
There has been no formal evaluation of optimal primary rat hippocampal neurons miRNA reference genes for BDV research. Thus, the current study systematically identified the most stable housekeeping genes in cultured primary rat hippocampal neurons infected with BDV Hu-H1 strain. A total of 10 commonly used reference genes [5S, U6, U87, E2 small nucleolar RNA (snoRNA), miR- miR-let-7a, miR-92a and miR-101a] were selected as candidate reference genes, and RT-qPCR was subsequently used to validate the infected and non-infected hippocampal neurons. Four statistical algorithms and consensus ranking were applied to identify the most stable reference genes. These results may provide information regarding appropriate reference genes for normalization of RT-qPCR data in BDV-infected rat hippocampal neurons.
Materials and methods

Primary culture of hippocampal neurons and viral infection.
Hippocampal neurons were isolated from the brains of 24 male Sprague-Dawley rats (postnatal day 1; weight, 8-10 g; Chongqing Medical University Animal Experimental Center, Chongqing, China). Prior to neuronal isolation the rats were anesthetized in ice for 1-5 min, after which they were incubated in 70% ethanol for 30 sec until hyothermic; subsequently, the rats were decaptitated and the heads were placed in cold Hank's Balanced Salt Solution (HBSS; Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA). The neurons were maintained in Dulbecco's modified Eagle's medium/Nutrient Mixture F-12 (Gibco; Thermo Fisher Scientific, Inc., Waltham, MA, USA) supplemented with 15% fetal calf serum, 10% horse serum, 1% glutamine, 0.5% 10 U/ml penicillin/streptomycin (all obtained from Gibco; Thermo Fisher Scientific, Inc.), as previously described (10) . Cells were seeded at a density of 5x10 5 cells/well on poly-L-lysine-coated six-well plates (Sigma-Aldrich; Merck Millipore, Darmstadt, Germany). After 4 h at 37˚C, half of the cultured neurons were infected with BDV Hu-H1 strain [in an oligodendroglia cell line; multiplicity of infection (MOI)=0.2], which was presented by Professor Hanns Ludwig (Free University of Berlin, Berlin, Germany), by adding cell-released virus (CRV) to the culture medium. CRV stocks were prepared as previously described (11) . The BDV Hu-H1 strain is one of the first three human strains derived from mentally affected patients (12) . These strains have been partially characterized by sequencing (13) . The remaining neurons were maintained as a control sample. After 2 h of BDV infection, excess virus was removed by washing with HBSS (1 ml/well; Ca 2+ and Mg 2+ free). Subsequently, the neurons were incubated in neurobasal medium with 2% B-27 (Gibco; Thermo Fisher Scientific, Inc.) for 12 days at 37˚C. The present study was approved by the ethics committee of Chongqing Medical University (Chongqing, China).
Immunofluorescence. To identify the purity of neurons and the effect of BDV infection for each experiment, a standard immunofluorescence protocol was used, as previously described (14, 15) and observed with a fluorescence microscope (Nikon Corporation, Tokyo, Japan). Briefly, the BDV-infected and non-infected neurons were incubated in six-well plates for 20 min at room temperature with 4% paraformaldehyde, followed by permeabilization for 10 min in 0.25% Triton X-100. Subsequently, the two neuron groups were rinsed with HBSS (1 ml/well) three times for 5 min and blocked with 5% bovine serum albumin (Sigma-Aldrich) for 30 min, followed by incubation at 4˚C overnight with primary antibodies (16) . Following three washes with HBSS, the cells were incubated with the neuron-specific marker microtubule associated protein 2 (1:5,000; cat. no. ab5392; Abcam, Cambridge, MA, USA) and a BDV-specific anti-P40 monoclonal antibody (1:400; cat. no. AJ1572a; Abgent, Inc., Santa Diego, CA, USA) (15) . Cells were then incubated with Alexa Fluor 594-conjugated goat anti-chicken secondary antibody (1:500; cat. no. A-11042; Invitrogen; Thermo Fisher Scientific, Inc.) for 2 h at room temperature. Following extensive phosphate-buffered saline washing, cells were incubated with DAPI (Beyotime Institute of Biotechnology, Haimen, China) for 1 min at room temperature and observed using an inverted fluorescence microscope.
RT-qPCR expression studies of candidate reference genes.
A total of 10 commonly used candidate reference genes for miRNAs were selected from the reference literature (17) (18) (19) (20) . Their primer sequences, amplicon size, and amplification efficiencies are presented in Table I . To identify candidate reference miRNAs from each hippocampal neurons group, the following criteria were used: i) miRNAs had to be detected as 'present' (foreground-background, >100) in all 32 samples; ii) the fold-change of the candidate reference gene expression indicated a significant difference between the two groups (P<0.05); and iii) candidate miRNAs must be unambiguously annotated in the miRBase (http://www.mirbase.org/).
RNA isolation and reverse transcription.
Total RNA was extracted from the hippocampal neurons using RNAiso Plus (Takara Bio, Inc., Otsu, Japan) according to the manufacturer's protocols. The samples were dissolved in 20 µl DNase/RNase-free H 2 O and stored at -80˚C until use. Isolated RNA was reverse transcribed into cDNA with GoScript™ Reverse Transcription system (Promega Corporation, Madison, WI, USA) according to the manufacturer's protocols. Briefly, the first reaction mixture consisted of 4 µl RNA, 5 µl total primers, and 1.6 µl DNase/RNase-free H 2 O performed in a Gene Amp PCR System 9700 (Applied Biosystems; Thermo Fisher Scientific, Inc.) at 42˚C for 15 min and 70˚C for 15 min. Subsequently, first reaction mixture was added to the prepared RT mix containing 1.6 µl Nuclease-Free Water, 4.0 µl GoScript™ 5X Reaction Buffer, 2 µl MgCl 2 (25 mM), 0.4 µl recombinant RNasin ® Ribonuclease Inhibitor, and 1 µl GoScript™ Reverse Transcriptase. The whole reverse transcription was performed in a Gene Amp PCR System 9700 at 25˚C for 5 min, 42˚C for 60 min, and 70˚C for 15 min. The control cDNA synthesis reaction, without reverse transcriptase enzyme, was performed to test that the extracted RNA was not contaminated with genomic DNA. cDNAs were stored at -20˚C until later use.
qPCR. The qPCR reactions were performed according to the manufacturer's protocol and our previous study (15) in the Gene Amp PCR System 9700. Briefly, qPCR amplification was performed with 2X GoTaq ® qPCR Master mix (Promega Corporation) in a final volume of 20 µl. The reaction mixture consisted of 10 µl 2X GoTaq ® qPCR Master mix, 0.3 µl 10 µM Universal Adaptor PCR Forward Primer, 0.3 µl 10 µM PCR Reverse Primer, 2 µl cDNA template, and 7.4 µl sterile distilled water. The qPCR reaction was initiated with 2 min incubation at 95˚C, followed by 40 cycles at 95˚C for 15 sec and 60 sec at 60˚C. Subsequently, a melting curve was performed at the end of the PCR run over a range of 55-99˚C, increasing the temperature stepwise by 0.5˚C every 2 sec. The sample maximization method criterion was used to establish the run layout. A dilution series was created with random cDNA from the sample group to construct standard curves for each primer pair. Gene-specific amplification was confirmed by a single peak in the melting-curve analysis, and a single band on a 2% agarose gel stained with ethidium bromide. All samples (each group, n=16; total, n=32) were diluted 20 times and the reaction was performed, as described above, in duplicate. )]as required for inputs for the geNorm and NormFinder methods only. Subsequently, the stability measurements were combined to establish a consensus rank of the housekeeping genes using the RankAggreg package of the R project.
Results
Immunofluorescence assay. As our previous study (15) demonstrated that BDV P40 + neurons were >80% at day 9 and almost 100% by day 12, the cells were infected with a low MOI of 0.02 focus forming units and the current immunofluorescence assay was applied on day 10. The purity of neurons and efficiency of infection was determined via observation of randomly selected cells across three independent experiments. On day 10, the results demonstrated that the purity of neurons was >85% (Fig. 1A and B) . The infection efficiency of BDV P40 + neurons was ~100% (Fig. 1C and D) .
Evaluation of methods for measuring miRNAs in hippocampal neurons.
To evaluate the expression level of these candidate reference genes in rat hippocampal neurons between the BDV-infected group and the control group at 12 days post-infection. RT-qPCR was used to detect and the gene products indicated single bands for all primer sets during agarose gel electrophoresis (data not shown). Melting curve analysis consistently demonstrated a single homogenous melting peak for each primer set and no amplicons were detected for the no template control. The amplification efficiencies for all candidate reference genes were indicated by the standard curve and are presented in Table I . These results indicated that the method of measurement was viable. A B Candidate reference gene ranking by expression stability. There were four aforementioned algorithms used to assess the stability of the candidate housekeeping gene miRNAs expression in infected cells and the control. GeNorm (22) provides a ranking of the candidate reference genes based on the their expression stability measure (M) in order to identify the most stable reference gene on day 12. The lowest M-value corresponds to the most stable reference gene, while the highest corresponds to the least stable one. In previous studies, an M-value <0.5 was set as a cut-off to assess gene stability in homogenous samples (23) . GeNorm identified miR-101a and U87 (M-value, 0.3160; Table II) as the most stable pair-wise combination of reference genes for the experimental groups on day 12. Furthermore, geNorm calculated the pairwise variation (Vn/Vn+1) that selects the optimum number of reference genes (Fig. 2) . As reported by Vandesompele et al (24) , the ideal pair-wise variation value is <0.15. As presented in Fig. 2 , the calculated V2/3 was <0.15. Thus, only the two most stable genes for a reliable normalization were taken into consideration. Subsequently, the most stable reference genes were identified by NormFinder (25) , which enables the identification of the single most reliable gene and provides a ranking order. NormFinder identified U87 as the optimal reference gene on day 12 (Table II) . A total of 10 common used candidate reference genes were measured and Δ-Ct (Cq, quantification cycle) analysis (26) demonstrated the ranking of the stability of reference genes by comparing the Cq value differences among all samples (Table II) . The optimal reference genes were miR-101a and U87 with mean standard deviations of 0.5154 and 0.5167, respectively, on day 12. BestKeeper (27) analyzes the correlation between the genes with the BestKeeper index based on a Pearson correlation (r) (20) using repeated pair-wise correlation analysis of candidate gene Cq values to determine optimal reference genes and recommended U87 (0.891) and miR-101a (0.898) as the two most stable genes.
Consensus ranking was performed by the RankAggreg package. The consensus ranking was compared with the rankings produced by geNorm, NormFinder, BestKeeper, and the comparative Δ-Ct method (Table III) . Thus, the RankAggreg output determined the most (miR-101a and U87) and the least (snoRNA) suitable reference genes.
Assessment of validity.
To further investigate the use of miR-101a in miRNA relative quantification, miR-155 was selected as a standard by which to evaluate the use of miR-101a as a reference gene, as miR-155 has a core immune regulatory role in cells with BDV persistent infection, and miR-155 was observed to be downregulated in persistently infected BDV human oligodendroglia (OL/BDV) cells as the BDV P protein directly inhibited miR-155 expression (28) . miRNA-155 regulates cell processes, including cell survival, growth, and chemosensitivity (29) and dendritic development and apoptosis (30) . The relative expression levels of the target gene were evaluated using the most stable reference gene (miR-101a and U87) vs. the least reference stable gene (snoRNA). When using miR-101a and U87 as a reference gene, the relative expression of miR-155 was demonstrated to be significantly downregulated (Table IV and Fig. 3A and B; P<0.05), which is similar to a previous study (28) . When snoRNA was selected as the reference gene, the relative expression levels of miR-155 was demonstrated to be upregulated (Table IV; Fig. 3C ) and no significant difference was indicated between the BDV-infected and non-infected groups.
Discussion
miRNAs have been demonstrated to be important as regulators of gene expression, promoting increased understanding of gene regulation in normal development and in disease. miRNA expression profiles have been suggested be more accurate in disease classification than mRNA expression profiles (31) . miRNAs are of research interest due to their role in the molecular changes underlying different disease models. miRNAs reduce expression of proteins encoded by their target RNAs, by binding to the 3'-untranslated region of target mRNAs. Thus, it is important to expand BDV research in this area, particularly in BDV-infected hippocampal neurons as it is an important part of brain.
Recently, human BDV infections have been reported in China and research into human infections BDV has been conducted (32) (33) (34) (35) . BDV is known to result in behavioral disturbances in mammals, however, its effects on humans is subject to debate (5) . Furthermore, the present study is the first systematic comparison of different normalization approaches using RT-qPCR data in BDV-infected primary rat hippocampal neurons. To validate the appropriate reference genes, the expressions of 10 commonly used candidate 
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reference genes were detected and analyzed were detected and analyzed. It was based on a three-step approach with RT-qPCR validation, selection of housekeeping miRNAs using computer software, and a proof of principle study with various miRNA expression. During the RT-qPCR validation stage, no candidate miRNAs were excluded from subsequent analysis. Thus, all 10 candidate reference genes were included in the geNorm, NormFinder, BestKeeper, and comparative Δ-Ct analysis. geNorm, NormFinder and BestKeeper analysis did not recommend the same reference genes for normalization (Table III) . This may be due to the different statistical outputs of the software, namely M-values obtained from geNorm, variability measurements from NormFinder, coefficients of correlation from BestKeeper and mean standard deviations from the Δ-Ct method. The RankAggreg software package was used to analyze the four different sets of data and combine these four algorithms to establish a consensus ranking. Specifically, the brute force method (using the RankAggreg function) was used to enumerate all possible candidate lists and then the one with the minimum Spearman foot rule distance was selected (36) . This method output results in the most stable and least stable reference genes on day 12, however, there may not be consistency in the expression levels of certain reference genes over time under certain conditions (22, 37) . Based on the different normalization strategies, miR-101a was determined to be the most optimal and stable reference gene. Furthermore, mir-101a was also demonstrated to be ideal for normalization of serum microRNA in gastric cancer patients (38) .
There are a number of limitations to the present study. Firstly, only 10 commonly used candidate housekeeping genes were analyzed, whereas there may exist more superior combinations of housekeeping genes for BDV research in BDV infection cell lines. Secondly, only one cell type was used in vitro (rat cortical neurons) was investigated for the suitability of reference genes for RT-qPCR, and RNA extracted from in vivo BDV-infected rat brains was not analyzed. However, parameters in neuron cultures have been standardized in the present study, and neuron cultures are the major cellular targets for BDV in nature, thus, the current study provides important information to advance BDV research.
In conclusion, housekeeping gene expression levels were comparatively evaluated for the normalization of miRNAs in BDV research by RT-qPCR. The combined use of miR-101 and U87 was assessed as the optimal normalization method for miRNA expression data from hippocampal neurons infected BDV. Assessment of the validity of the selected reference genes confirms the suitability of applying a combination of the most stable reference genes. The present study provides a method by which more reliable and accurate gene expression measurements can be obtained, and it has identified a reliable two gene (miR-101 and U87) normalizer for use in this context.
